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ABSTRACT 
 
 This thesis aims to document the experimental quantification of molecules on top of a 
common compact disc (CD) using the ubiquitous and inexpensive technology of a CD drive. To 
illustrate the concept, glucose is chosen as the target molecule and a colorimetric enzymatic 
glucose assay is carried out on top of a modified CD. Test strips, similar to the ones used for 
blood glucose monitoring, are incorporated on top of a CD with audio files burned on it. When a 
substance containing glucose is dropped onto the strip the resulting change in optical density is 
proportional to glucose concentration. Using the laser light, optical pickup and the error 
detection and correction protocol present in all CD drives, this change in optical density and 
hence the concentration of glucose in the sample are determined quantitatively. The resulting 
potential “CD glucose meter” can be a cost-effective, mass-deployable, point-of-care tool for 
rapid blood glucose monitoring and the diagnosis of diabetes. This CD based method for 
molecular quantification is independent of the type of target molecule and the concept can hence 
be extended for quantifying other important molecules and carrying out other diagnostic tests in 
a multiplexed arrangement. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Introduction to the problem 
A key healthcare challenge in the developing world, particularly in rural areas, is the 
rapid and accurate diagnosis of diseases for timely treatment in the absence of laboratory 
facilities [1]. According to a survey of scientists familiar with healthcare challenges in 
developing countries, developing simple and affordable means for the diagnosis of infectious 
diseases has the highest priority in the efforts towards addressing these challenges [2].  A lot of 
the conventional disease diagnosis tests require trained personnel, electricity, refrigerated storage 
and other infrastructure that is not available in resource poor settings [3]. This fact has attracted a 
lot of interest and investment in lab-on-chip (LOC) technologies which provide the means of 
carrying out point-of-care-testing (POCT) in remote areas using devices that are automated, 
portable, cost effective, mass deployable and sensitive. In summary, LOC devices have the 
potential to address the disparity that exists in the quality of healthcare between rural, resource 
poor areas and urban, resource rich areas. For this reason philanthropic organizations such as the 
Doris Duke Foundation, Soros Foundation and the Bill and Melinda Gates Foundation have been 
investing actively in research and development related to LOC technologies [2]. 
There are several criteria an LOC device has to satisfy in order for it to be an effective 
POCT device for resource poor settings. It has to be affordable since its users will have limited 
disposable income. It has to be portable and adaptable to different situations since any auxiliaries 
it may need to function may not be available in remote locations. It has to be accurate and 
sensitive so that the diagnostic test it carries out leads to an effective treatment. Furthermore the 
test has to be rapid so that timely treatment can be administered and possible epidemics can be 
avoided. Finally the device has to be rugged so it is not damaged or compromised in any way 
during transportation [2],[3],[4].  
This thesis documents an attempt to develop one such LOC technology where, bearing in 
mind the above constraints, a common writable CD was modified into a device that has the 
ability to carry out molecular quantification, a crucial aspect of disease diagnosis, using a 
conventional personal computer optical drive. Both CDs and the drives used to read them are 
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mass manufactured at low cost and have now become a ubiquitous technology, even in some of 
the poorest areas of the globe. As shall be furthered described in Chapter 3, this fact has led a lot 
of scientists and engineers to attempt to convert the CD into a bio-sensing platform for detecting 
various reactions and specimens.  
The specific disease under investigation for this thesis is diabetes, and the developed CD 
based device carries out a colorimetric quantitative determination of glucose concentration based 
on an enzyme based assay on a test strip integrated onto the disc. The device makes use of the 
laser light, the optical pickup and the embedded error detection and correction system present in 
all standard optical drives to provide a readout of the molecular concentration of glucose. The 
technique used here is not specific to the type of molecule being detected and hence can be 
extended to colorimetric determination of the concentration of other molecules as well. This 
provides the leverage to carry out multiple colorimetric assays and hence diagnosis of multiple 
diseases on a single platform in a multiplexed arrangement. 
1.2 Thesis organization 
This thesis is organized as follows. Chapter 1 introduces the problem being investigated, 
outlines the objectives and gives the reader some sense of the scientific value of this research. 
Chapter 2 explains some important theoretical concepts relevant to the problem at hand. It 
introduces concepts related to optical storage of information on CDs, reading this information 
using optical drives and the error correction and detection mechanism used to protect it, which 
are all used in conjunction for molecular quantification of glucose in this research. The chapter 
furthermore explains the fundamentals of colorimetric enzymatic glucose detection. Chapter 3 
contains a review of the relevant literature which describe methods to convert a common CD into 
an LOC device. Chapter 4 outlines the experimental procedure used and Chapter 5 documents 
the results obtained. Finally Chapter 6 provides the conclusion to this thesis and suggests future 
studies that can be undertaken. 
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CHAPTER 2: THEORY 
 
2.1 Optical storage and readout of information on a CD 
Figure 2.1 shows a schematic cross section of a typical writable CD.  A typical CD drive 
uses a 780 nm aluminum gallium arsenide laser as its light source and a photodiode array as a 
detector to read data. The dye layer shown in Figure 2.1 is transparent for an unwritten CD and 
can be turned opaque locally by another more powerful laser when digital information is written 
onto the CD. The portion of the dye layer that turns opaque is called a pit and the portion that 
remains transparent is called a land. Because of the reflective metal layer, as shown in Figure 
2.1, the land reflects the reading laser light completely and registers a high intensity signal on the 
photodiode array. The pit on the other hand registers a low intensity signal on the photodiode 
array because of its relative opacity. This provides a means of both reading and writing digital 
information onto a CD.  Since for our application we have made use of a CD with audio files 
written on it, we will be discussing optical storage in the context of an audio CD. 
Figure 2.2 shows the geometry and dimensions of a typical CD. The data is written in 
lands and pits along a spiral in what are known as “tracks.” The tracks are regularly spaced 
concentric circles that form the spiral. A servo mechanism inside the CD drive rotates the CD, 
and during the reading and writing processes the CD laser spot scans along the tracks, moving 
radially outwards as the playtime of the audio CD advances. The data corresponding to the 
playtime of a CD is written between the 25 mm radius and 58 mm radius concentric circles 
shown in Figure 2.2.  
The density of information on a CD (the density of lands and pits) is determined by the 
diffraction limited size of the reading laser spot that impinges on these lands and pits. The radius 
of the spot on the data or dye layer can be calculated using Raleigh’s criterion for resolution. The 
intensity distribution of the spot on the dye layer is called the “Airy pattern.” This pattern 
comprises of a central bright disk surrounded by rings of decreasing intensity. The central spot or 
“Airy disk” does not have well-defined radius and is blurred [5]. The Raleigh criterion assumes 
the radius of the Airy disk to be the distance from the center of the disk to the first zero of the 
intensity distribution. This is given by Equation (2.1): 
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          (2.1) 
where 𝜆 is the wavelength of laser light in the polycarbonate and    is the numerical aperture of 
the objective. In a standard CD drive, the Airy disk radius is approximately 1.05 µm [6]. The 
radius of this disk dictates the minimum track pitch or the minimum distance between two 
adjacent tracks. If the pitch is smaller than this Airy disk radius, it would not be possible to 
resolve one track from the other. For this reason in a typical CD, the track pitch is 1.6 µm, safely 
larger than the Airy disk radius.  
 One would expect that a single bit of information would be stored per Airy disk diameter 
    along a track in a CD. However, data on a CD is written in a way such that more than 1 bit 
of information can be stored per    . This is done by using a modulation system known as eight 
to fourteen modulation (EFM). The audio CD data is comprised of parity bits, control and 
display bits and audio bits. These bits are grouped into bytes of 8 bits each and each byte is then 
mapped onto a unique 14 bit symbol. After this conversion the 14 bit symbols are interleaved 
with groups of three merging bits. A group of 462 EFM bits and 99 merging bits combine to 
form what is called a frame. A unique 27 bit word is added to the beginning of each frame to 
signify its beginning. Hence a total of 588 bits together form a frame; 98 frames combined form 
a block and 75 blocks form a second of data. Therefore a second of data contains 588 x 98 x 75 = 
4321800 bits and hence the bit stream is read from the CD at a rate of 4.3218 Mbits/s. For one 
Airy disk diameter, this modulation allows the storage of up to 7.6 bits [5]. Hence the 
modulation scheme results in an increase in the total capacity of the CD. 
 There is another reason for using EFM as opposed to a simple binary storage format. 
When data is read from the CD using the laser and photodiode array, it is not interpreted as a one 
for every land and a zero for every pit. During one clock cycle, a one is registered when there is a 
change from land to pit or from pit to land whereas a zero is registered when there is no change. 
The interleaving procedure using the merging bits (described above) ensures that the EFM data is 
run-length coded such that there are at least two and at most ten consecutive zeros between 
successive ones [7]. This is done so the optical pickup mechanism responsible for reading the 
data is able to regenerate the clocking signal for the data without any problem. 
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 Most CD drives operate in constant linear velocity mode. This means that the velocity of 
the laser spot scanning along the tracks is always kept constant and the angular velocity is 
accordingly decreased as the laser spot moves radially outwards. The linear velocity is generally 
a multiple of 1.2 m/s in a CD drive (1x, 4x, 8x etc.); 1.2 m is hence physically the distance taken 
up by a second of data along a track in a CD. Using this fact, it is possible to derive a formula 
that relates the radial physical position on the CD in millimeters to the playtime in minutes. The 
maximum playtime of a typical writable CD is 79.7 min. Using this fact, the relationship 
between radial distance   in millimeters and playtime   in minutes is derived as shown in 
Equation (2.2) [5]: 
   √
 
    
(        )            (2.2) 
where 58 and 25 are the inner and outer radii of the program region on a CD in millimeters (as 
shown in Figure 2.2). As shall be shown in succeeding chapters, this relationship between 
playtime and radial distance is crucial in our mechanism for molecular concentration 
determination. 
2.2 Error detection and correction 
As discussed in the previous section, the information readout method used for a CD is 
optics based. Such a system is vulnerable to inaccuracies because if anything interferes in the 
path of the laser, from the diode to the photodiode array, it can cause an error in the data that is 
obtained from the CD. These interferences or errors can be of two types: Random errors are 
randomly distributed across the data of the CD and generally arise from interference between 
data bytes, electrical noise and small defects on the polycarbonate surface of the CD. Burst errors 
occur in groups and can affect a large number of bits in a CD. They are caused by large defects 
on a CD such as scratches and fingerprints, or by a laser beam that is not able to correctly focus 
on or track the data on a CD [5]. Because these errors compromise the accuracy of the data 
readout from a CD, an error detection and correction mechanism is required to protect this stored 
data. 
A CD drive uses an error correction and detection algorithm known as cross-interleaved 
reed-solomon code (CIRC). This method is based on detecting and correcting errors by using 
redundant bytes (parity bytes) written onto a CD. In a CD with audio data, each frame contains 
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eight parity bytes in addition to audio data bytes. Four of these bytes are called P parity bytes and 
the other four are called Q parity bytes. This error control system is implemented using two 
decoders, C1 and C2. The process of reading CD data, checking the parity bytes and performing 
error correction and detection using these decoders is schematically illustrated in Figure 2.3.  
A frame of data is first de-modulated such that each 14 bit word is remapped onto an     
8- bit byte. This frame, containing 32 bytes (24 bytes audio data and eight bytes of parity data) is 
then input in parallel to the C1 decoder. The C1 decoder uses the four P parity bytes to correct 
random errors (one or two bit errors per byte) and also to detect burst errors (3 bits or larger per 
byte) in the frame input from the de-modulator. Error correction generally decreases the 
capability of the decoder to detect further errors. For this reason the C1 decoder usually only 
attempts to correct one corrupted byte in a frame. If more than one byte is corrupted, the entire 
frame is marked as being erroneous by flagging each of the 28 output bytes (24 audio bytes and 
four Q parity bytes) and these are passed onto the C2 decoder via the de-interleaver. The purpose 
of the de-interleaver is to spread the 28 flagged or erroneous bytes of the frame over several 
consecutive frames by adding different delay lines to different bytes. Since the C2 decoder has 
the ability to correct a limited number of bytes in a frame, this de-interleaving allows burst errors 
spanning a large number of frames to be corrected. The C2 decoder can only correct up to four 
corrupted bytes in a frame, so without the de-interleaving, it will not be able to correct a frame 
that has been flagged by the C1 decoder (contains 28 bytes flagged as corrupted). With the delay 
lines imposed by the de-interleaver, these 28 erroneous bytes will spread over many frames so 
they can be corrected even though the C2 correction capability is limited to 4 bytes per frame. 
Up to 16 consecutive corrupted frames can be corrected by the C2 decoder, which corresponds to 
2.5 mm of the track or a very large burst error [5]. In the event that even after the de-interleaving 
more than four bytes are corrupted in a frame, the C2 decoder flags all the 24 audio data bytes in 
that frame as being corrupted and passes them on for interpolation and concealment [5]. By using 
this error control system, hence, a majority of CD data can be protected. 
Because this error control system is embedded in the CD drive, software is available for 
users to assess the quality of their audio CDs based on the error information available from the 
output of the two decoders. Certain important parameters have been identified as being key 
indicators of audio CD quality, and these software packages tap into the error data stream of the 
CD drive decoders to obtain these parameters and plot them versus playtime. As described in 
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Section 2.1, a point in the playtime corresponds directly to a physical radial position on the CD 
based on Equation (2.2). Hence any random or burst error deliberately introduced by dispensing 
a specimen on a radial position of an audio CD can be traced to these plots of errors versus 
playtime. The severity of the errors, as visible in the plot, is proportional to the concentration of 
the specimen present on the CD, which forms the fundamental principle behind bio-detection on 
a CD [8]. In this research, we leverage the information provided by such software to perform 
molecular quantification. While several CD parameters are important in determining the quality 
of a CD, for our purpose two of these parameters have been useful as quantitative measures of 
molecular concentration: block error rate (BLER) and E22 error rate. 
BLER is a measure of the number of blocks in a second of data that have any detectable 
errors at the input of the C1 decoder. This is an average of 10 seconds of data. E22 error rate is a 
measure of the rate (per second) at which two error corrections are made at the C2 decoder in the 
de-interleaved frame mentioned earlier [9],[10]. It is common to have non-zero BLER errors for 
CDs that have relatively low imperfections or scratches since the presence of random errors 
registers on plots of BLER versus playtime. The International Organization for Standardization’s 
standard for CD quality (ISO10149) requires the BLER to be less than 220 for acceptable quality 
of the CD. E22 errors are registered when a larger number of bits are corrupted; hence, according 
to the ISO10149, a zero E22 error rate is required for a CD of acceptable quality.  
In order to obtain plots of BLER and E22 error rate versus playtime, we have used an 
open source software called Qpxtool for our research. Figure 2.4 shows plots of error rates 
versus playtime for an audio CD with 18.5 min of data, obtained using Qpxtool. These plots are 
for a newly burned CD which has very few imperfections and hence the E22 error rate is zero. 
Low BLER is still registered on its plot due to the presence of random errors, which is typical 
even for a newly written CD. 
2.3 Colorimetric enzymatic glucose detection 
Colorimetric detection of glucose involves a reaction wherein the product is a colored 
substance and the intensity of the color is proportional to the concentration of glucose present in 
the reactants. Two kinds of reaction schemes are available for a colorimetric glucose assay. The 
first kind is non-enzymatic and the commonly used assay is based on a reaction involving 
dinitrosalicylic acid (DNS). The problem with this assay is that it is not specific to D-glucose 
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(which is the form of glucose present in human blood) but determines the concentration of all 
reducing sugars in a substance. The second kind of reaction scheme is enzyme based and is 
specific to D-glucose [11]. Most colorimetric glucose assays today employ this second kind of 
reaction scheme and determination of glucose concentration is carried out using an optical 
method based on the Beer-Lambert law. According to the Beer-Lambert law, the absorbance   
of a substance is linearly proportional to its concentration   for a fixed length of travel of light   
through the substance. This is shown in Equation (2.3): 
                        (2.3) 
 
where   is an intrinsic property of the substance called the molar extinction coefficient. The 
absorbance   is generally defined as: 
                  (
 
  
)     (2.4) 
where   is the intensity of light transmitted through the substance and    is the intensity of light 
incident onto the substance. The ratio 
 
  
 is called the transmittance of the substance. The 
wavelength at which the absorbance is generally measured is the wavelength at peak absorption 
in the absorption spectrum of the substance.  
 With this fundamental principle in mind, the typical procedure for colorimetric 
measurement of glucose concentration in a laboratory is as follows. Known concentrations of 
glucose are prepared in cuvettes of constant    and their colorimetric assay is carried out. Due to 
the presence of a chromogen (color indicator), the end-product contains a colored dye. The 
intensity of the color of this dye (and hence its absorbance) is linearly proportional to the 
concentration of this dye and also the concentration of glucose. The absorbances for the end-
products of each glucose concentration, at the absorption peak wavelength of the dye, are 
measured by determining    and   using a colorimetric device such as a spectrophotometer. The 
process is illustrated in Figure 2.5. The absorbances are plotted against glucose concentrations 
and a line of best fit is drawn to provide a calibration curve. If an unknown concentration of 
glucose is to be determined, the sample is placed inside a cuvette of the same  , its assay is 
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carried out and the end-product’s absorbance is measured again at the absorption peak 
wavelength. Using the calibration curve and the value of the absorbance obtained, the unknown 
concentration of glucose can be read off the curve [11]. For portable colorimetric devices, the 
spectrophotometer is replaced by solid state photonic emitter/detector pairs such as 
LED/photodiode or diode laser/photodiode.  
For our research, we intend to use the diode laser/photodiode pair already available in a 
standard CD drive to carry out the above mentioned procedure for glucose concentration 
determination. If the colored end-product of a glucose assay is dispensed on the polycarbonate 
surface of a CD, it provides a disruption to the path of the CD laser and the severity of this 
disruption depends on the absorbance of the end-product and hence on the concentration of the 
glucose present in the specimen. As discussed in Section 2.2, the magnitude of the error rates 
visible on the plots of error rates versus playtime corresponds to the severity of the disruption of 
the laser by the source of the error. In turn, for our mechanism, the concentration of glucose 
present in the specimen is proportional to the magnitude of the error rates visible in plots 
obtained using the CD quality diagnostic software Qpxtool. All that remains then is to use known 
concentrations of glucose, obtain the colored reaction product of each, dispense that on the 
polycarbonate surface of the CD and read the specimens using Qpxtool to obtain a calibration 
curve where error rates are plotted against glucose concentration. An unknown glucose 
concentration can then be determined using this calibration curve. 
 The three most common enzyme based glucose assays, classified according to the 
enzyme used, are glucose oxidase based, hexokinase based and glucose dehydrogenase based 
assays [12]. For our purpose we have used a glucose oxidase based assay. We have adopted the 
reaction scheme used by V. Srinivasan et al. which is a modified form of Trinder’s reaction [13]. 
The main difference between Trinder’s reaction and the reaction used by V. Srinivasan et al. is 
that instead of using phenol as a chromogen, N-ethyl-N-sulfopropyl-m-touluidine (TOPS) is 
used. In this reaction, glucose is oxidized in the presence of the enzyme glucose oxidase to form 
gluconic acid and hydrogen peroxide. Hydrogen peroxide reacts with 4-aminoantipyrine           
(4-AAP) and TOPS to form quinoeimine, a violet colored dye. The reaction equation is: 
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glucose  +   H2O  +  O2         gluconic acid  +  H2O2 
 
2H2O2  +  4-AAP  +  TOPS         quinoeimine  +  4H2O 
 
It was shown by K. Tamaoku et al. that TOPS provides better sensitivity and higher absorbance 
than phenol for the spectrophotometric detection of hydrogen peroxide which, as shown in the 
reaction equation, is how glucose concentration is determined in the above glucose oxidase based 
reaction [14]. Another reason for our choice of TOPS as the chromogen is that its corresponding 
colored reaction product quinoeimine is a violet dye and the laser light used in a CD drive is at 
the red end of the visible light spectrum (780 nm) and would be absorbed sufficiently by the dye. 
 
 
 
 
 
 
 
 
 
 
 
glucose oxidase 
peroxidase 
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2.4 Figures 
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CHAPTER 3: LITERATURE REVIEW 
  
 The efforts to develop a spinning disc as an LOC platform over the years have focused on 
using two approaches. The first approach is based on using a common data storage CD and its 
optical drive and modifying them as an LOC platform and reader respectively. The second 
approach is based on fabricating a whole new CD-like centrifugal disc as an LOC platform, 
which can then be read by any number of means. In this chapter, we will review the work that 
has been done in the past to develop such centrifugal disc platforms as LOC devices. Section 3.1 
focuses on work that has used a modified form of the CD/CD drive combination for carrying out 
LOC operations and Section 3.2 reviews the development of CD-like platforms, used in 
conjunction with different readers, for the same application. The purpose of this review is to 
highlight the similarities and differences between our work and the work done by other 
researchers and to put into context the significance and potential of our research. 
3.1 Conventional CD/CD drive based devices 
 Most of the initial work on adapting the CD/CD drive combination for bio-sensing was 
based on making modifications to the CD drive. Alexandre et al. used a CD as a DNA 
microarray platform for storing both numeric and genomic information. However, in order to 
read this information, they had to make significant modifications to both the CD and the CD 
drive. They removed part of the aluminum layer of the CD such that it was restricted to only a 1 
cm annular band in a radially inner part of the CD. This inner part was used to store numeric 
information. The external part, consisting of a transparent polycarbonate band, was used to carry 
out DNA analysis. Furthermore, the CD drive was modified so that two separate lasers were used 
to detect the numeric information and carry out DNA analysis respectively [15].  Lang et al., 
later on, mounted the optical pickup in a CD drive onto an optical microscope stage to make a 
laser scanning microscope for reading immunoassays off a conventional CD. The immunoassay 
reagents were microcontact printed onto the CD, and gold nanoparticle staining was used to 
increase reflectivity for imaging using the microscope [16]. Morais et al. incorporated an 
additional photodiode into a standard CD drive. They used the already present CD optical pickup 
to track the CD via reflection (exactly as in a standard CD/CD drive combination) and used the 
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additional photodiode to read signals transmitted through the CD, which were used to detect 
immunoassays occurring on the CD polycarbonate surface [17]. The main disadvantage of all of 
these approaches is that a significant modification of the CD drive is required for bio-sensing. If 
the CD platforms are to be mass deployed, the modified drives will have to be deployed with 
them, raising the cost of these devices for users. 
 Other approaches have focused on modifying only the CDs and reading them using 
standard personal computer CD drives. La Clair et al. developed a method for screening protein-
ligand interactions on a CD. They treated the polycarbonate surface of the CD by 
phosphorylation such that they were able to immobilize select ligands on the surface. The 
molecular interactions were then detected using an error determination routine [18]. Li et al. 
showed that the polycarbonate surface of a CD is a suitable substrate for DNA immobilization 
and detection if the surface is made hydrophilic via UV/ozone treatment. However, in their work 
the actual detection was carried out by measurement of the fluorescence intensity of a marker 
[19].  Members of the same research group (led by Professor Hua-Zhong Yu) then successfully 
carried out detection of immunoassays and DNA hybridization on a conventional CD with the 
surface chemistry of its polycarbonate surface modified by UV/ozone treatment. They used the 
BLER as a measure of the concentration of target molecules immobilized onto the CD using a 
conventional CD drive, based on the procedure described in Chapter 2 [8].  Imaad et al. were 
able to fabricate a microfluidic PMDS channel in a trench machined into the polycarbonate 
surface of a conventional CD. They again used BLER as a measure of the concentration of 
particles present inside the PDMS channel and used this mechanism to count Chinese hamster 
ovary (CHO) cells by using an unmodified CD drive [20]. Finally, very recently, Wang et al. 
used a surface modification procedure on a conventional CD to immobilize a lead specific 
DNAzyme. This was then used to detect lead (II) ions (Pb
+2
) using BLER read by a standard CD 
drive [21]. Since in all of the above publications, the CD drive remains unmodified, the bio-discs 
they have developed have a high potential of being deployed in a point-of-care setting at low cost 
since CD drives are commonly available even in remote locations. The key therefore is in how 
inexpensive the modification and/or fabrication of the CD is. The CD in general needs to be 
mass manufactured at low cost for successful deployment. 
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3.2 CD-like centrifugal disc platforms 
 There has been a lot of interest in using spinning discs for LOC devices because the flow 
of fluid in such systems can be controlled by using centrifugal force which in turns depends on 
the spinning profiles. Because these systems are not constrained to the use of technology already 
available, comparatively complex microfluidic functions such as valving, pumping, mixing and 
volume metering have been integrated into such platforms. These systems may be CD-like but 
do not employ conventional CD drives for reading and detecting bio-molecules. One of the 
earliest such systems was produced by Madou et al.  in 1998. They introduced the basic concepts 
of centrifugal microfluidics in their paper, showing how centrifugal technologies could be 
married with micro fabrication to make affordable diagnostic devices. For their device they used 
a custom made plastic disc in conjunction with a custom built optical reader to detect bio-
molecules using reflectance spectrophotometry [22].  Lai et al. were able to use a spinning 
plastic disc to direct fluid flow in order to carry out an enzyme-linked immunosorbent assay 
(ELISA). All the steps in a conventional ELISA were carried out sequentially by using the 
capillary and centrifugal forces to implement centrifugal pumping, capillary valving and flow 
sequencing. The readout method was based on the measurement of fluorescence intensity by 
using a fluorescent microscope [23].  A lot of recent work has been based on expanding the flow 
control capabilities of such platforms by improving the microfluidics. Ducree et al. have written 
a detailed paper describing how different capabilities can be built into a centrifugal microfluidic 
disc including volume metering, volume splitting, mixing, flow rate control and droplet 
generation [24].  
 In short, centrifugal microfluidic CD-like platforms have now been equipped with very 
advanced microfluidics because of greater design freedom. However, as has been emphasized 
throughout this chapter, unless the disc readers are available in the field, the cost of deployment 
of such diagnostic devices is markedly increased.  
 While our aim for this research was to use a conventional CD/CD drive system for bio-
sensing, a short review of literature pertaining to other CD-like platforms has been included in 
this thesis because we feel there is potential to, in the future, integrate the advanced microfluidics 
shown in CD-like platforms onto conventional CDs that are read by CD drives. Most of the flow 
manipulation in such advanced microfluidic systems is based on centrifugal force and control of 
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spinning. As described in Chapter 2, the CD drive spin speeds can be varied as the linear velocity 
of reading data is varied (4x, 8x ,16x etc.). Although this does not provide the same flexibility in 
terms of generating specific spin profiles to meet the centrifugal microfluidic needs, it provides 
the functionality of microfluidic flow manipulation along with the cost effectiveness of CD/CD 
drive systems. 
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CHAPTER 4: EXPERIMENTAL PROCEDURE 
 
4.1 Writing audio data onto a CD 
 As described in Chapter 2, our detection scheme is based on reading the BLER and E22 
error rates from the decoders of a CD drive by using an open source software called Qpxtool. To 
carry out detection based on this method, we needed pre-recorded audio data on a standard 
writable CD, the error rates of which could then be used for glucose quantification. We used the 
same kind of audio data as used in [20] where a repetitive “100 100 100…” sequence was 
written onto the CD in the audio format discussed in Chapter 2. This sequence was written onto 
the CD as an audio .wav file using the CD burning software CD BurnerXP. The rationale behind 
using a “100 100 100…” sequence is that such a sequence has the minimum pit or land length 
allowable. We expect that such a sequence allows the highest probability of an error being 
registered in the C1 and C2 decoders due to disruption of laser light by target molecules, 
providing the maximum sensitivity in the BLER and E22 error rate data. Because we carried all 
of our error rate scans at a low 4x drive spin speed, we used only a quarter of the total capacity of 
the CD to reduce the time of obtaining a glucose concentration curve, giving us a total audio 
playtime of 18.5 min. The main reason for using a low 4x spin speed was so that the glucose test 
strip integrated on top of the CD did not dislodge due to large centrifugal force (see Section 4.2 
for more details). With an 18.5 min total playtime, the inner and outer radii of our data or 
detection region were 25 mm and 35.5 mm respectively, which can be verified from Equation 
(2.2) by using    0 min and    18.5 min respectively. This is illustrated in Figure 4.1. 
4.2 Test strip fabrication and integration onto CD 
 In commercial colorimetric glucose meters, the detection of glucose is carried out on top 
of paper test strips. The paper test strips absorb the reagents for a glucose assay and these 
reagents are allowed to dry. When a user drops a small amount of blood or urine on the strip, the 
reagents react with the glucose present in the sample to form the colored substance or dye, based 
on which the subsequent detection is carried out (as described in Chapter 2).  Among other 
reasons the advantages these strips offer are that they are absorbent so reagents can be stored in 
them, they are inexpensive and readily available, and they are biocompatible [25]. We have 
20 
 
attempted to base our own glucose detection platform on the same detection model. For our 
preliminary experiments we attempted to use a paper based test strip made from conventional 
lens cleaning paper. The suitability of such a strip as a vessel for our glucose assay was analyzed 
by carrying out error rate scans using Qpxtool. For all of our experiments we have used the 
ATAPI DVD A DH1A6L drive as our reader. First a piece of blank strip (2 mm long by 1 mm 
wide) was adhesively bonded on the polycarbonate surface inside the audio data region of the 
CD (shown in Figure 4.1) and the CD error rates scan was carried out. Then, using a Sharpie 
marker, a blue colored spot was made on top of the strip and an error rates scan for this stained 
strip was carried out.  The BLER error rate plots from these scans are shown in Figure 4.2. The 
E22 error rate plots are not shown because these error rates were zero for the entire playtime in 
both the stained and unstained cases. As is apparent from these plots, the staining had no effect 
on the error rate and hence the sample (in this case the marker spot) was not detectable by the 
CD drive. The reason for the unchanged error rate is the high optical density of the paper strip. 
The strip saturates the data region it covers with errors, so much so that the addition of the stain 
is not registered on the plots. We, therefore, concluded that a paper strip was unsuitable as a test 
strip for a glucose assay on a CD and that we needed a more transparent material for our test 
strip 
 Bearing in mind that the material properties required for our test strip material, in 
addition to transparency, were water permeability (to store reagent) and biocompatibility, we 
decided to fabricate a strip using agarose gel. Another property of agarose gel that was beneficial 
to us was high surface wettability which, as shall be explained later in Section 4.3, was effective 
in mitigating the “coffee ring effect.” Agarose gel is a very common material in molecular 
biology and is generally used for gel electrophoresis. There were two main design challenges in 
fabricating such a strip on the polycarbonate surface of the CD. Firstly, the agarose gel layer 
needed to be very thin (paper thin) so that the CD drive optical data pickup did not face focusing 
issues during readout. Secondly, agarose gel tends to shrink on drying. This would cause the strip 
to curl up and peel off the CD if the correct formulation was not used. 
 To fabricate an agarose gel strip, we made use of a PDMS microfluidic channel. Some 
SU-8 2100 (MicroChem Inc.) was spin coated on a silicon wafer to a thickness of around        
150 µm. The photoresist was patterned using the Quintel Aligner exposure system to form a 
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rectangular microgroove 3 cm long, 5 mm wide and 150 µm high. PDMS was mixed with a 
base-to-catalyst ratio of 10:1 and cast over the groove. The process was completed by letting the 
PDMS degas overnight and curing it in an oven at 65 °C for 1 hour. A rectangular shaped device 
that included the channel was cut from this cured PDMS layer and peeled off of the mold. An 
inlet hole was punched into one end of the channel using a 15 gauge Luer stub adapter 
(Intramedic). Near the other end, the channel was cut along its cross section such that that end of 
the channel became open and served as an outlet. Figure 4.3 shows an image of one such PDMS 
channel device. The length of the channel shown is less than 3 cm because part of it was cut off 
during the formation of the outlet.  
 The basic idea behind the test strip fabrication was to bond the above PDMS device onto 
a substrate and dispense the agarose gel through the inlet hole into the channel so that a thin and 
geometrically consistent strip of agarose gel formed on peeling off the PDMS. The purpose of 
the outlet hole was to prevent pressure buildup inside the channel that may prevent injection of 
the gel.  In our case the substrate was a CD with audio data written onto it. The PDMS was, 
hence, placed on the audio data region of the CD (shown in Figure 4.1) such that the channel was 
directed in a radial direction on the CD. This placement was done such that, within the 25 mm 
and 35.5 mm concentric circles bounding the annular audio data region, none of the edges of the 
strip would traverse this region parallel to the tracks of the CD. This arrangement is shown in 
Figure 4.4. Of course in such an arrangement, the strip extended radially across the entire width 
of the annular audio data region. The reason we did not want the strip’s edges to traverse the CD 
data parallel to the tracks is because the edges of the strip generate much larger errors compared 
to its center, when the optical pickup of the CD drive reads the data. For the two edges of the 
rectangular strip that are perpendicular to the CD tracks, the laser pickup encounters a portion of 
them only twice in one rotation of the CD and hence the tracking problems they may cause are 
mitigated. However, if there is any strip edge along the CD tracks, large contiguous regions of a 
track are covered by this edge and hence its presence creates serious tracking issues for the CD 
laser based reading system. The PDMS was attached onto the CD using van der Waals forces, 
with pressure applied only from the top. This proved to be effective against the pressure of the 
agarose gel being dispensed into it. 
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 The agarose gel formulation was important in this application as concentrated gels with 
relatively less moisture in them tended to shrink and curl up on drying. For our purpose we 
experimentally determined that 1.5% weight/volume was the best formulation. Accordingly, 0.3 
g of powdered agarose (BioRad Inc.) was mixed in 20 ml of de-ionized (DI) water. This mixture 
was heated for 1 min in a microwave, and 20 µl of this mixture was injected into the inlet hole of 
the PDMS channel while the device was bonded onto the CD as shown in Figure 4.4. The PDMS 
was then peeled off and the gel was allowed to dry. The agarose strip, fabricated onto the CD 
audio data region, is shown in Figure 4.5. Violet dye has been injected into an otherwise 
transparent strip to make it visible in the image. We did not need to use any adhesives to keep 
this strip in place on the CD – the strip was bound onto the CD solely due to the surface tension 
of moisture between the strip and the CD polycarbonate surface. 
 In order to gauge the suitability of this strip for our purpose, we repeated the same 
procedure as that done to characterize the transparency of the lens paper strip. A CD containing a 
blank strip was first read and error rate plots were obtained using Qpxtool. Next a Sharpie 
marker was used to make a blue spot on the test strip and the error rates plots were obtained 
again. These plots are shown in Figure 4.6. As is clearly visible, the staining of the strip resulted 
in a significant change in the BLER and E22 error rates of the CD data. This test confirmed the 
viability of our test strip for glucose concentration determination.  
 Before dispensing the glucose assay product on such test strips, BLER and E22 error 
rates for blank strips were recorded so that background readings, which would later be subtracted 
from readings corresponding to glucose concentrations (see Chapter 5 for details), would be 
available. 
4.3 Glucose and reagents: preparation and spotting 
 In Chapter 2 we introduced the chemical equation for a glucose oxidase based glucose 
assay. It involved allowing the glucose to react with the reagents mentioned in the equation. The 
preparation of all the reagents and glucose solutions was as follows. Using D-glucose powder 
(Sigma Aldrich Inc.), standard solutions of glucose in DI water were made. The concentrations 
of standard solutions, mixed for our glucose determination experiment, were 0 mg/dl, 50 mg/dl, 
100 mg/dl, 150 mg/dl and 200 mg/dl. This range of concentrations was chosen bearing in mind 
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that the normal fasting blood glucose concentrations for non-diabetic humans is less than 125 
mg/dl [26]. The 0 mg/dl solution was basically DI water in a test tube. The reagents and their 
target concentrations in DI water used for the assay are listed in Table 4.1. For our assay, we 
used a glucose dilution factor of 3, which means for one part glucose solution two parts of the 
reagent mix (consisting of equal amounts of the reagents mentioned in Table 4.1) were added. 
Table 4.1 also lists the initial concentration of each of the reagents prepared in DI water bearing 
in mind the target concentration and the dilution factor. All of the reagents listed were purchased 
from Sigma Aldrich Inc. As shall be shown in Chapter 5, this formulation gave us good enough 
sensitivity in our error rates versus playtime curves. After mixing the glucose solution with the 
reagent mix, the resulting mixture was left for the reaction to complete for 45 min at room 
temperature.  
 As an initial test of the feasibility of our assay, we mixed 250 µl of the 100 mg/dl glucose 
solution with 500 µl of reagent mix (125 µl each of the four reagents in the mix) in a petri dish. 
The reaction was allowed to complete for 45 min at room temperature. The end-product was 
compared against the end-product of an identical reaction with the glucose solution replaced by 
250 µl of DI water (blank solution). A comparison of the color intensity of the two solutions is 
shown in the image in Figure 4.7. 
 Next, the assays for the five standard solutions of glucose (0 mg/dl, 50 mg/dl, 100 mg/dl, 
150 mg/dl and 200 mg/dl) were carried out in five separate test tubes and the violet end-product 
for each concentration was obtained. The next step was spotting a drop from each of these end-
products onto the test strip and letting it dry, so that the CD platform could be scanned for error 
rates. In order to get a reliable reading of error rates for the spots, the distribution of solute 
particles needs to be as uniform as possible across the area of the spot. Getting a uniform solute 
distribution over a dried spot of the violet assay end-product became challenging because of a 
phenomenon known as the “coffee ring effect.” This effect was first described by Deegan et al. 
in 1997 [27]. According to their publication, when a drop of colloidal liquid dries and its contact 
line is pinned on the substrate surface (which is often the case), the net evaporation rate at the 
edge of the drop is higher than the net evaporation rate at areas closer to its center. The reason 
for this differential in evaporation rates is the spherical cap geometry of the drop on the 
substrate. As shown in Figure 4.8, the random walk of a molecule escaping the surface of the 
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drop can be analyzed to conclude that the probability of an evaporated molecule recondensing 
onto the edge of the drop is lower than that of an evaporated molecule recondensing into areas 
closer to the center of the drop. This difference generates a convective flow in the colloidal 
liquid drop from its centre to its edge, so that the excessive removal of particles from the edge a 
compensated for. This flow is also shown in Figure 4.8. As a result of the flow, a dried drop has 
an aggregation of solute particles at its edge to form a ring-like morphology. 
 We were able to suppress the formation of this ring-like deposit by a combination of two 
strategies. The first strategy was to use a wettable material for our test strip. As described in 
Section 4.2, one factor in our choosing agarose gel as our test strip material was the fact that it 
has high wettability. According to Deegan et al., during the early stages of drying, the mass  of 
solute particles that aggregates in the peripheral ring of a drying drop has a power law 
relationship with the time   after the drop is dispensed on the substrate. This is shown in 
Equation (4.1) below: 
                                                              
 
(   )              (4.1) 
where    is a constant of proportionality and   
(     )
(      )
  where    is the contact angle of the 
drop on the surface [27]. 
 According to Equation (4.1), when    is small, such as for a substrate with high 
wettability, the mass  of solute aggregation at the peripheral ring of a drying drop for a certain 
time   early in the drop drying state, is small and hence a ring-like structure formation is less 
likely compared to surfaces with high    (low wettability). While the above equation is 
applicable only to the early phase of drop drying, nevertheless after the drop dries, there should 
be less overall solute aggregation at the edges of the drop for low    than for high    for a 
constant drying time. Hence, spotting on the agarose gel strip improves the uniformity of our 
glucose assay spots compared to direct spotting on the polycarbonate surface of the CD or any 
other hydrophobic material.  
 The second strategy we used was to dispense our glucose assay end-product solution 
through a PDMS stencil. A piece of PDMS of uniform thickness was taken and using a 15 gauge 
Luer stub adapter (Intramedic), five holes were punched into the piece, one for each glucose 
25 
 
concentration. This was then bonded on top of the agarose strip present on our CD platform and 
the violet solutions of different glucose concentrations were spotted onto the test strip through 
these holes. They were allowed to dry and the PDMS was peeled off. Figure 4.9 shows an image 
of this stencil bonded onto the strip and Figure 4.10 shows the resulting dried spots of the violet 
glucose assay end-product for each of the four concentrations. The reason this setup helps in 
suppressing the coffee ring effect is that the edges of the dispensed drops are sealed from the 
ambient whereas the more central parts of the drops are exposed. This mitigates the difference in 
evaporation rates between the edges and the central parts of the drops, and suppressing this 
difference results in a more uniform solute distribution over the area of the spots. Figure 4.11 
attests to the effectiveness of our strategies for forming uniform spots. Three microscope images 
of spots formed by spotting violet glucose assay end-product are shown. In Figure 4.11 (a), the 
drop was dispensed directly on the polycarbonate CD surface without using a stencil. In Figure 
4.11 (b), the drop was dispensed on the agarose gel strip on top of a CD, without using any 
stencil. In Figure 4.11 (c), the drop was dispensed through a stencil onto the agarose strip, 
bonded on top of a CD. For reasons described above, the solute uniformity is the highest for the 
spot in Figure 4.11 (c) and the lowest for the spot in Figure 4.11 (a). 
 Another important purpose that our PDMS stencil served was that it ensured the diameter 
of each spot, after drying, was the same. This is important for a fair comparison between spots of 
different concentrations so that all spots cover an equal amount of audio CD data and the errors 
they generate in that data depend only on the respective glucose concentrations they contain. 
 After spotting the violet solutions of different glucose concentrations using the 
arrangement shown in Figure 4.9, the CD platform was read and plots of BLER and E22 error 
rates were obtained. Physical locations of the spots of different glucose concentrations have 
corresponding playtime ranges or windows on these plots (according to Equation (2.2)) and the 
magnitudes of BLER and E22 error rates for these spots can then be determined. As we 
discussed in Chapter 2, the error rates should be proportional to glucose concentration in these 
spots and hence a calibration curve for glucose concentration determination can be obtained (see 
Chapter 5 for details).  
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Figure 4.1: Dimensions of audio data region 
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Figure 4.3: PDMS channel for agarose gel strip fabrication  
Figure 4.4: PDMS channel bonded on CD for strip fabrication  
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Figure 4.5: Agarose gel strip fabricated on CD 
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Figure 4.6: (a) Blank agarose gel strip error rates (b) Stained agarose gel 
strip error rates 
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Figure 4.7: Comparison of 0 mg/dl and 100 mg/dl glucose end products 
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Figure 4.8: Coffee ring effect in an evaporating drop 
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Figure 4.10: End-product solutions for glucose concentrations spotted on 
agarose strip 
Figure 4.9: PDMS stencil for solution spotting on agarose strip 
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Figure 4.11: (a) Polycarbonate without stencil (b) Agarose gel strip without 
stencil (c) Agarose gel strip with stencil 
(b) 
(a) 
(c) 
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4.5 Table 
Table 4.1: Reagent names, initial and target concentrations 
Reagent name Initial concentration 
(mg/dl) 
Target concentration 
(mg/dl) 
Glucose oxidase 6 Units/ml 4 Units/ml 
Peroxidase from 
horseradish 
6 Units/ml 4 Units/ml 
4-AAP 6 mM 4 mM 
TOPS 10 mM 6.67 mM 
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CHAPTER 5: RESULTS AND DISCUSSION 
 
 In this chapter, we summarize and discuss the results obtained using the experimental 
procedure described in Chapter 4. Three sets of raw data, obtained from three experiments 
(Experiments 1, 2 and 3), are shown and are then used together to obtain a calibration curve for 
glucose concentration determination. For each experiment a new strip was fabricated on a new 
CD and the procedure of Chapter 4 was carried out to obtain results.  
5.1 Raw BLER and E22 error rate readings – blank strip 
 As stated in Section 4.2, after fabrication of the blank agarose gel strip on top of a CD, 
the CD was read in the CD drive to obtain the background BLER and E22 error rates. Qpxtool 
was used to generate text files (.qpx format), the data from which was extracted in MATLAB to 
create arrays of BLER and E22 error rate versus playtime. These arrays were then plotted. These 
plots, for the three experiments, are shown in Figure 5.1 and Figure 5.2. As shown in the plots, 
for each experiment there is a steady BLER generated by the presence of the blank strip on the 
CD, while the E22 is zero for almost all of the playtime. Since the text files have a BLER or E22 
error rate reading for every 75 blocks of CD audio data or every second of playtime, the 
horizontal axis of these plots shows playtime in seconds. 
5.2 Raw BLER and E22 error rate readings – stained strip 
 For each experiment, an array of five spots was formed on top of the test strip by 
dropping violet assay solutions for the five different glucose concentrations (0 mg/dl, 50mg/dl, 
100 mg/dl, 150 mg/dl and 200 mg/dl) through a PDMS stencil (as shown in Figure 4.10). The 
spots were allowed to dry and the CD platform containing the strip was read in the CD drive. 
The array on the strip was formed such that the spot concentration increased with radial distance 
such that the radially innermost spot corresponded to a glucose concentration of 0 mg/dl and the 
radially outermost spot corresponded to a glucose concentration of 200 mg/dl. The locations of 
the radially inner and outer edges of each spot, for each experiment, are shown in Table 5.1. The 
BLER and E22 error rates from these scans were extracted and plotted using MATLAB. Figure 
5.3 and Figure 5.4 show these plots. Peaks are visible in these plots, generated by the presence of 
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the violet spots on the test strip. For the BLER, the peaks are seen to rise above a baseline. The 
baseline is due to the background readings shown in Figure 5.1.  
5.3 Background subtraction 
 In the next step, the readings shown in Figure 5.1 and Figure 5.2 were subtracted from 
the readings shown in Figure 5.3 and Figure 5.4 respectively, to account for the background 
errors due to a blank strip. The error rates after subtraction are shown in Figure 5.5 and Figure 
5.6. There is a clear proportional trend visible between the concentration of glucose dropped and 
the height of the peaks for both BLER and E22 error rate plots. For both BLER and E22 plots, 
the peaks for the 0 mg/dl concentration (blank solution) are only visible for Experiment 3. We 
suspect that any peaks corresponding to this concentration are not visible in Experiments 1 and 2 
because the corresponding spots are not optically dense enough to generate high enough errors. 
In the BLER case this results in their not being visually distinguishable from the background. In 
the E22 case they simply do not show up on the plot. We expect that the E22 and BLER peaks 
for 0 mg/dl concentration in Experiment 3 are due to aggregation of reagent particles in a portion 
of the spot corresponding to this concentration. The spots corresponding to this concentration in 
Experiments 1 and 2, on the other hand, have more uniformly dispersed particles that are not able 
to cause a significant disruption of the CD drive laser to cause a spike in error rates. 
  The E22 error rate plots seem to show better sensitivity than the BLER plots. This is to 
be expected since, while the BLER measures number of blocks per second with any corrupted 
data, E22 error rate measures the number of de-interleaved frames per second wherein two error 
corrections in the data have been made. In short, BLER counts blocks, whereas E22 error rate 
counts frames and hence the latter provides higher resolution error information. Above a certain 
threshold, this causes the E22 data to be more sensitive. If a small region on the CD is already 
significantly corrupted due to presence of violet dye, the BLER may not be able to quantify any 
further small corruption whereas the E22 parameter, due to its finer resolution and sensitivity, 
may be able to. 
5.4 Data analysis 
 If we look at the plots in Figure 5.5 and Figure 5.6, a significant deviation in the error 
rate readings is visible across the width of the glucose concentration peaks. This is because, even 
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after our efforts to remove the coffee ring effect, the solute distribution is still not completely 
uniform across the assay end-product spots. In order to carryout concentration determination 
using data from these plots, we need to assign a single error rate value to a corresponding 
glucose concentration and, given the deviation of error rate readings across each spot, that single 
value cannot be the peak height. Peak heights may be caused by an aggregation of solute in a 
portion of a spot. Since these aggregations may not be the same for each spot, it is possible that 
the peak height for a high concentration spot maybe lower than that for a low concentration spot.  
A more reasonable assignment to a glucose concentration would be the average of the error rates 
its spot generates taken across the corresponding playtime span or window. Hence in our 
MATLAB code, the radial widths covered by each spot on the CD platform are mapped onto a 
corresponding playtime window by using Equation (2.2) and the error rates over these windows 
are averaged to obtain a single error rate reading corresponding to a glucose concentration. This 
is an important step in carrying out accurate concentration determination because while the 
solute particles of the glucose assay end-product may be non-uniformly distributed across the 
spot and the errors they create may fluctuate across the corresponding playtime window, the sum 
of the total errors generated across this window will always be greater for high concentration 
spots than for low concentrations spots. Hence we can mitigate the effects of misleading peaks 
and troughs generated across the playtime windows, due to non-uniform distribution of solute, 
by this averaging technique. 
 Table 5.1 shows the radial widths covered by the spots of our experiments and maps them 
onto to equivalent playtime windows. Using the data extracted into arrays in MATLAB, both 
BLER and E22 error rates shown in Figure 5.5 and Figure 5.6 are playtime averaged over each 
of these windows. As a result, a single BLER or E22 error rate value for each glucose 
concentration is obtained. For all three experiments, these are plotted against playtime in the 
form of bar charts shown in Figure 5.7 and Figure 5.8. The width of each bar corresponds to the 
playtime window over which the averaging of error rates was carried out for each concentration. 
One noteworthy aspect of the BLER plot for Experiment 2 in Figure 5.7 is that the bar height 
corresponding to 0 mg/dl glucose concentration is a small negative number. We attribute this to 
random effects during experimentation that caused a slight increase in the transparency of the 
strip after the background reading of Figure 5.1 had been obtained. Since the addition of the 0 
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mg/dl spot for this experiment did not cause a significant increase in the BLER, after the 
averaging over the spot width, a small negative number resulted. 
5.5 Glucose calibration curve and unknown concentration determination 
 Figure 5.7 and Figure 5.8 show bar charts with bar heights proportional to glucose 
concentrations. For both BLER and E22 error rate, the average of the bar heights over the three 
experiments was taken, for each concentration. The resulting data was then plotted against 
glucose concentration to obtain a calibration curve each for BLER and E22 error rate. These 
curves are shown in Figure 5.9. The curves also show the standard deviation over the three 
experiments. The BLER concentration curve shows an almost linear trend between BLER and 
glucose concentration and a straight line of best fit has been plotted through the data points. The 
E22 curve, on the other hand, is markedly non-linear, which seems to contradict the Beer- 
Lambert law discussed in Section 2.3 of Chapter 2. We believe that the main reason for this non-
linearity is the fact that, in spite of the different strategies to remove the coffee ring effect, the 
solute distribution across the violet spots is still not completely uniform. Note that the curve of 
Figure 5.9 (b) is relatively linear until the 150 mg/dl concentration data point and significant 
non-linearity is introduced by the 200 mg/dl concentration data point. Furthermore, the standard 
deviation for this data point (as shown by its error bar) is also very high. This non-linearity and 
deviation is caused by the fact that solute spot morphology is inconsistent across different 
experiments and across different concentrations within a single experiment. The BLER curve too 
shows significant standard deviations in its data points due to this effect but remains relatively 
less affected because, as discussed earlier, the BLER data has lower sensitivity. Hence, because 
of the high sensitivity of the E22 data, it is prone to non-linearity and large deviations in data 
points. While by averaging over the playtime windows for each spot, we have mitigated the 
effect of this problem, we have not been able to eliminate it. As shall be discussed in Chapter 6, 
based on our study of the literature relevant to the problem, we suggest a further strategy that can 
be employed to improve the uniformity of the assay end-product spots. We propose that this 
strategy be used in any future studies that are undertaken and expect that employing it will 
improve the linearity of the error rates versus glucose concentration data, particularly for the E22 
error rate data. Other reasons for the non-linearity and large standard deviations are human errors 
in the measurement of spot positions and contamination of the blank strip after background 
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readings have been obtained, both of which can be suppressed by design improvements in the 
experimental procedure. 
 With this calibration curve in hand, it is possible to determine the glucose concentration 
of an unknown sample. The procedure described in Chapters 4 and 5 can be repeated for an 
unknown sample and a BLER or E22 error rate value for the unknown concentration can be 
obtained. The unknown concentration can then be read off the plots of Figure 5.9. 
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5.6 Figures  
 
  
Figure 5.1: Raw BLER - blank strip   
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Figure 5.2: Raw E22- blank strip   
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Figure 5.3: Raw BLER - stained strip   
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Figure 5.4: Raw E22 - stained strip   
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Figure 5.5: BLER stained strip – background subtracted  
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Figure 5.6: E22 stained strip – background subtracted  
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Figure 5.7: BLER averaged over playtime windows for each concentration  
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Figure 5.8: E22 error rate averaged over playtime windows for each 
concentration 
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Figure 5.9: (a) BLER glucose calibration curve – average of three 
experiments (b) E22 glucose calibration curve – average of three 
experiments 
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5.7 Table 
 
  
Experiment 
# 
Concentration 
of Spot 
(mg/dl) 
Inner Radial 
Position 
(mm) 
Playtime 
Window 
Start 
(seconds) 
Outer 
Radial 
Position 
(mm) 
Playtime 
Window 
End 
(seconds) 
1 
0 25 0 26.25 112 
50 27 182 28.25 302 
100 29 377 30.25 506 
150 31.5 641 32.75 781 
200 33.5 868 34.75 1018 
2 
0 25.75 67 27 182 
50 27.5 229 28.75 352 
100 29.75 454 31 587 
150 31.75 669 33 810 
200 33.75 898 35 1048 
3 
0 25.75 67 27 182 
50 28.25 302 29.5 428 
100 30.25 506 31.5 641 
150 32.75 781 34 927 
200 34.25 957 35.5 1109 
 
 
Table 5.1: Radial positions of spots and their corresponding playtime 
windows 
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CHAPTER 6: CONCLUSION AND FUTURE STUDIES 
 
6.1 Conclusion 
 We have demonstrated in this thesis a unique method for colorimetric molecular 
detection by adapting technology that, although advanced, is universally accessible and cost 
effective. We have shown colorimetric glucose detection as a case in point for our molecular 
quantification methodology. As was stated at the beginning of this thesis, the same CD platform 
along with the CD drive can be used to carry out colorimetric concentration determination of 
other molecules of bio-chemical significance as well. For example, our device is useful for the 
detection of other metabolites in the human body such as lactate, glutamate and pyruvate with 
the appropriate use of respective reagents [13]. It can also be used to carry out colorimetric pH 
determination. 
 It needs to be emphasized that this is only the first step in the development of a device 
that can be deployed in a point-of-care setting as an LOC technology. Improvements in this 
technology are needed to make the testing more automated, multiplexed, rapid, accurate and cost 
effective. One such improvement would be incorporating microfluidic functions into the CD as 
we shall discuss in the Section 6.2. 
6.2 Recommended future studies 
 6.2.1 Improving spot uniformity 
In Chapter 4 we stated that due to the coffee ring effect the spotted glucose assay 
solutions show non-uniform solute distributions. More uniform spots were obtained by using a 
wettable substrate and confining the solution by a PDMS stencil during dispensing. However, as 
the results in Chapter 5 showed, the error rates corresponding to the spots still showed large 
deviations across the radial spot widths. Through our technique of averaging over playtime 
windows, we were able to mitigate the effects of these deviations on the glucose concentration 
determination. However, it is still important to improve the morphology of the dried spots by 
making them more uniform as this will result in greater accuracy and a more linear relationship 
between error rate readings and glucose concentration. We have reviewed in detail the literature 
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dealing with ways to remove the ring-like spot morphology, or coffee ring effect. We discuss 
three of them here and recommend one of them as having the potential to minimize the solute 
non-uniformities in dried spotted solutions.  
One method suggested by Molesa et al. is to increase the temperature of the substrate 
during the dispensing of the drop such that it evaporates on contacting the substrate and the 
“splash wave” of solvent flow from the center of the spot to its edges is suppressed. They 
increased the temperature of their substrate to 130 °C [28]. This method is not suitable for our 
application as our substrate is a CD and such high temperatures may damage its data layer. A 
second method, suggested by Bhardwaj et al., is to make the solution more acidic. This 
influences the Derjaguin-Landau-Verwey-Overbeek (DLVO) interactions between molecules in 
the solution to minimize the ring formation [29]. However, we are using an enzymatic glucose 
assay and the optimum pH for both glucose oxidase and peroxidase is around 7.0, and changing 
this pH may cause the enzymes to denature. For this reason, this solution too is unsuitable for our 
application. Park and Moon suggested the use of two solvents in the colloidal solution, one of 
which has high boiling point and low surface tension while the other has low boiling point and 
high surface tension, to solve the ring formation problem [30]. As the drop evaporates on the 
substrate, the higher net evaporation rate at the edges of the drop causes the edges to have a 
higher concentration of the low-surface-tension, high-boiling-point solvent than the central parts 
of the drop. This means that the surface tension at the edges is lower than that at the center, and a 
Marangoni flow that counters the outward, evaporation-differential-driven flow redistributes the 
solute particles, resulting in a uniform distribution of these particles across the resulting dried 
spot. We put this theory to the test by adding 2% by volume glycerol (boiling point: 290 °C and 
surface tension: 64 mN/m) to the DI water (boiling point: 100 °C and surface tension: 72.8 
mN/m) based 100 mg/dl glucose assay end-product (reagent mix to glucose volume ratio of 2:1) 
and spotting this on an agarose test strip. We did not use a stencil because confining the edges of 
the spot in this case impedes the redistributive Marangoni flow. The image for this spot is shown 
in Figure 6.1. If we compare this image to the ones shown in Figure 4.10, it is clear that solute 
uniformity is increased by the addition of glycerol. However, as is visible from the image, it is 
not possible to remove all the glycerol from the spot as it has too high a boiling point and this 
results in the spot not being completely flat. A CD drive is not able to read a portion of the CD 
containing such a spot because that portion is not flat. However, the use of a liquid that has a 
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boiling point lower than glycerol but higher than water, also having a surface tension lower than 
that of water, should solve the problem. 
We were not able to carry out actual glucose quantification based on this two-solvent 
formulation because we ran out of time, but would strongly recommend that this option be 
explored in any future work as it seems to be the most promising of all the remedies to remove 
the coffee ring effect as explained in this section.  
 6.2.2 Incorporating microfluidic functions 
 An important functionality that needs to be introduced into our CD based molecular 
quantification device is microfluidic handling. For this application, the key benefit microfluidic 
handling will bring is that it will allow the assay end-product to be read in a colloidal liquid 
form. This will eliminate all the problems we have had with non-uniform spot distributions and 
improve the accuracy of the detection system. Furthermore, if a microfluidic design can be 
embedded deep into the CD polycarbonate layer, we can improve the sensitivity of detection as 
the laser spot size shrinks with distance deep into the polycarbonate layer. As we discussed in 
Chapter 3, future work on incorporating microfluidics to our platform can also draw on the 
techniques used in centrifugal CD-like platforms for fluid control, using disc spin speeds, to 
carry out fluid manipulation. The control for the spin speed can be carried out by varying the CD 
drive data read speed (4x, 8x, 16x… etc.). The inclusion of all of these features will then increase 
the accuracy, sensitivity, rapidity and user-friendliness of our diagnostic device. 
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6.3 Figure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Violet spot from two solvent dye (water/glycerol) 
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